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ABSTRACT.— For 8 years beginning in 1983, we monitored breeding
activity by spotted salamanders, Ambystoma maculatum, in temporary
ponds in eastern Virginia. In the spring of 1988, 1989, and 1990, a
majority of the ponds examined (67.4%; N = 218) never contained egg
masses or spermatophores. During the 8 years the number of egg
masses declined severely in many ponds that were used as breeding
sites. Ponds with breeding salamanders had significantly higher pH
values than those that lacked breeding activity for all years, but were
similar in pH to those with failed reproduction. Analysis of the 20
major cations indicated that successful ponds with large numbers of
spotted salamander egg masses had lower aluminum, copper, and lead
levels than ponds with declining populations of salamanders. Silicon
levels were significantly higher in successful ponds. Stepwise dis-
criminant function analyses indicate that high aluminum, copper,
silicon, and zinc concentrations in breeding ponds are associated
significantly with the decline in reproductive activity of spotted
salamanders. The combination of elements in ponds maintaining stable
or increasing populations of breeding spotted salamanders was
distinctive; 91.89% were classified correctly as successful or failed ponds
by canonical correlation analyses. Proximity of roads was not
correlated with the concentration of any cation.

In general, it appears that low pH may produce mortality in
amphibian eggs, larvae, and perhaps adults both by acid toxicity and by
causing an increase in the concentration of free ions of toxic elements
such as aluminum in the water column (Freda and Dunson 1985a).
Acidity interferes with the ability of larvae to regulate internal concen-
trations of sodium, chloride, and perhaps other ions (Freda and Dunson
1985b). Additionally, low pH levels affect composition of the perivitelline
fluid and the color and texture of the egg mass (Robb and Toews 1987).
At extremely low pH (e.g. < 4.0) the egg capsule (perivitelline space)
may shrink dramatically, killing the embryos (Pough 1976, Freda and
Dunson 1985a, Blem and Blem 1989). In the spotted salamander,
Ambystoma maculatum (Shaw), 50% or more of embryos die at pH 5.0
to 6.0 (Tome and Pough 1982) and all die at pH 4.0 or less (Pough and
Wilson 1977, Cook 1983). However, in some ponds with relatively low
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pH, substantial numbers of spotted salamanders may breed successfully
(e.g. Cook 1983), suggesting that simple acidification is not the entire
cause of mortality. Furthermore, high concentrations of organic mate-
rials in such ponds may ameliorate the impact of toxic ions by binding
with them (Seip et al. 1984).

The present study documents concentrations of 20 of the more
common cations present in the waters of temporary ponds used as
breeding sites by spotted salamanders in Virginia and analyzes the
relationships of water chemistry to reproductive success of the spotted
salamander in these ponds.

MATERIALS AND METHODS

We counted egg masses in 218 temporary ponds in a 16-county area
around Richmond, Va., in the spring (March-May) of 1988, 1989, and
1990. At least two counts per year were made in each pond, at least one
of which was made well after all breeding activity ceased (usually late
March). We have monitored pH and the number of egg masses in a
majority of these ponds for 8 years (see Blem and Blem 1989). In
addition, we measured the pH of each pond two to four times each year.

In March 1989 we obtained a 20-ml water sample from each of 48
temporary ponds that had contained egg masses over most of the §
years of the study. The surface area, depth, and pH of each pond were
measured at the same time. All 48 ponds were similar in altitude,
exposure, and surrounding vegetation. All were in forests consisting of
loblolly pine (Pinus taeda) or mixed pine-hardwoods. The two most
widely separated ponds were 64 km apart. The ponds seldom froze
during late spring and only ponds of sufficient depth to protect eggs
from freezing (i. e. > 20 cm deep) were studied. Egg masses of spotted
salamanders were counted in each pond, and pH was measured with an
Orion SA250 portable pH meter. The water samples were filtered
through No. 4 filter paper and analyzed for tannic acid using the
HACH (1975) test. Samples of filtered water were stored in cleaned 35-
ml borosilicate EPA water analysis vials, and were analyzed by the
Chemical Analysis Laboratory at the Institute of Ecology, The Univer-
sity of Georgia, by means of inductively coupled argon plasma analysis.
Twenty cations were quantified (Table 1). Replicate samples were run
from several ponds to test for sampling variation; no determination
differed by more than 89%. All data sets were tested to determine if they
were normally distributed (SAS 1985; UNIVARIATE), and those deviat-
ing from normality were transformed to natural logarithms before
further analyses were performed (Zar 1984).

We categorized ponds as “successful” (> 20 egg masses were
present and produced larvae in all 8 years and the number did not
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Table 1. Chemistry of water samples taken from spotted salamander breeding
ponds in March, 1989.%

Variable Successful ponds Failed ponds All ponds
(N =125) (N =23) (N = 48)

Al 0.44 £ 0.04 091 + 0.15° 066 * 008
B 1.48 £ 0.07 1.55 £ 0.08 1.51 £ 0.0
Ba 0.20 + 0.0l 022 = 0.01 0.21 = 0.0l
Ca 527 £ 0.62 5.77 £ 0.51 551 £ 0.40
Cd 0.001 £ 0.0004 0.001 £ 0.0004 0.001 £ 0.0002
Cr 0.002 £ 0.0006 0.002 £ 0.0004 0.002 £ 0.0004
Cu 0.010 = 0.008 0.025+ 0.003° 0.018+ 0.004
Fe 053 = 0.12 1.06 £ 0.35 0.78 = 0.18
K 484 = 1.70 235 £ 0.54 365 £ 093
Mg 1.30 = 0.20 1.33 £ 0.12 1.31 £ 0.12
Mn 008 = 0.02 0.12 £ 0.03 0.10 £ 0.02
Na 14.46 =+ 1.21 17.07 £ 2.34 15.71 £ 1.20
Ni 0.003 £ 0.001 0.007 £ 0.002 0.005 = 0.001
P 0.065+ 0.016 0.050 0.016 0.058 = 0.010
Pb 0.005 = 0.003 0.013+ 0.002° 0.009 £ 0.002
Si 6.557+ 0.93 4.490 0.40b 5.568 £ 0.54
Sr 0.027+  0.003 0.030x 0.003 0.028 = 0.002
Zn 0.028 = 0.004 0.026 = 0.002 0.027 £ 0.002
pH 534 = 0.15 529 £ 0.14 5.32 £ 0.10
Tannic acid 6.3 = 08 68 = 09 6.6 £ 0.8
Depth (cm) 344 £ 32 378 £ 33 361 £ 23
Area (mz) 683.6 =+ 201.1 632.6 1385 658.1 *£170.0

2All ion concentrations represent total values (soluble + bound). All values for
elements are means = SE ppm; cobalt and molybdenum concentrations were
below the level of detection.

PFailed ponds significantly different from successful ones, MANOVA tests of
logarithmically transformed data, P <<0.05.

decline by more than 109 during the study) or “failed” (the number of
egg masses deposited has declined by 809 or more and/or all egg
masses failed to produce viable larvae throughout the study). We
compared the physical characteristics and the levels of each element in
successful ponds with those in failed ponds by means of multiple
analysis of variance (SAS Institute 1985, MANOVA). Canonical correla-
tion analyses (SAS Institute 1985, CANCORR) were used to determine
whether successful ponds were different in overall element composition
from those that failed. Stepwise discriminant function analyses (SAS
Institute 1985, STEPDISC) were used to identify the elements that were
correlated with success or failure of ponds. A 5% significance level (P <
0.05) was used in all tests, unless noted otherwise.
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RESULTS

Only 71 of 218 potential breeding ponds that we checked in 1988,
1989, and 1990 contained egg masses. The incidence of egg laying by
spotted salamanders in those ponds declined between 1988 and 1990 by
23.9% (649 egg masses in 1988, 494 masses in 1989, 450 masses in 1990).
By 1990, nearly 75% of all egg masses were in only 20 of the original 71
study ponds. The pH of the 71 ponds was 5.64 = 0.07 SE in 1988, 5.30
* 0.08 in 1989, and 5.54 £ 0.08 in 1990. The pH of ponds with no
evidence of salamander breeding activity during the 3-year period was
significantly lower in all 3 years (5.32 & 0.07, 5.01 & 0.06, and 5.12 &
0.08, respectively). Acidity varied from year to year, depending upon the
amount and possibly the pH of rainfall; acidity increased as ponds dried
up in late spring.

In the 48 ponds in which we studied water chemistry (25 successful,
23 failed), no significant difference was detected in the pH of successful
versus failed ponds (Table 1). Of the 20 elements measured, 18 were
found at detectable levels. Cobalt and molybdenum were absent or were
at concentrations below detectable levels. Aluminum, copper, and lead
were at significantly higher concentrations in failed ponds than in
successful ones (Table 1). Silicon concentrations were significantly
higher in successful ponds. There was no statistical difference in pond
depth or in pond surface area between successful and failed ponds
(Table 1). Because some ponds were near roads, we were concerned
about the effects of vehicular emissions and of chemical treatment of
highways on element levels. Comparison by f-tests of the 16 ponds near
roads (100 m or less) with 32 remote ponds did not reveal any
significant difference in pH or in concentration of an element.
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Fig. 1. Canonical correlation analyses of the effect of cations in successful

breeding ponds (closed circles) and failed ponds (open circles).
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Pearson correlation coefficients (Table 2) indicate that only calcium
concentration was correlated significantly with pH (P < 0.0013. A
number of other elements were correlated positively with each other and
many of these were metals. For example, zinc and copper, calcium and
magnesium, strontium and magnesium, and strontium and calcium have
correlation coefficients > 0.7. Some of these elements apparently
influence one another’s abundance. Canonical correlation analyses (Fig.
1) indicate that successful ponds are distinctive; 91.8% of the ponds
were identified correctly by the analyses. Major loading was on
aluminum and sodium (first canonical correlation) and copper and
silicon (second canonical correlation). Aluminum, copper, silicon, and
zinc are the only significant cations in stepwise discriminant function
analyses of successful and failed ponds (Table 3).

DISCUSSION

In the 1970s and early 1980s, the spotted salamander was abundant
locally in the lower piedmont and coastal plain of Virginia, a zone of
relatively high acid deposition from precipitation (Schwartz 1989).
Recently we observed severe declines in the number of egg masses of the
spotted salamander at some sites (Blem and Blem 1989). For example,
one site had more than 500 egg masses in 1984, but the number declined
annually, and in 1990 only 15 masses were deposited. At the same time
the pH of this pond decreased from > 5.0 to < 4.0. During the same
period we detected a general decrease in survivorship of spotted
salamander eggs and embryos throughout eastern Virginia (Blem and
Blem 1989). In general, there has been a trend for only a few ponds with
pH values between 6.0 and 7.0 to support salamanders. However, the
increased mortality has not been uniform. Some acidic ponds continue
to support substantial numbers of egg masses, which have not declined
during that period.

A correlation between decreased pH of temporary ponds and
decreased survival of spotted salamander eggs and larvae has been
recognized for more than a decade (e.g. Pough 1976). Mortality seems
to increase at a pH below 6.0, although substantial proportions of eggs
survive to hatch at pH values from 4.0 to 6.0 (Pough 1976, Pough and
Wilson 1977, Saber and Dunson 1978, Ling et al. 1986, Blem and Blem
1989). Complete lethality to embryos appears to be in the range of 3.5
to 4.5 (Pierce 1985, Freda 1986, Ling et al. 1986, Robb and Toews
1987), although this depends upon levels of certain elements in the
breeding pond (Pough 1981, Dale et al. 1985, Freda and Dunson 1985a,
1986). Recently it was found that mortality may be associated with
concentrations of specific elements such as aluminum (Albers and
Prouty 1987, Clark and Hall 1985, Clark and LaZerte 1985, Freda and
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Table 3. Stepwise discriminant function analyses of the importance of elements
in the use of breeding ponds by spotted salamanders.

Element Partial R? Wilks’ Lambda?
Aluminum 0.209 0.808
Copper 0.232 0.650
Silicon 0.240 0.589

Zinc 0.161 0.494

#Elements and associated statistics are listed in order of entry in the analyses.
All Wilks’ Lambda values are significant at P < 0.05.

Dunson 1985a), calcium (Freda and Dunson 1985a), magnesium (Freda
and Dunson 1985a), and sodium (Freda and Dunson 1984, 1985a).
However, there seem to be few data regarding the ambient levels of
cations in temporary ponds, and little information regarding the
combined effect of a more complex suite of 1ons (see Gascon and Planas
1986).

The chemistry of temporary waters on the lower piedmont and
coastal plain of Virginia is complex. The chemical composition of the
water in these ponds, along with its physical characteristics and local
biotic influences, may all vary between ponds even when they are
separated by only short distances. Year-to-year variations in water
depth, temperature, and duration are important determinants of
reproductive success and continued use of ponds by spotted salamanders
(see Shoop 1974, Albers and Prouty 1987). The surrounding forest and
soil are important influences on levels of biologically significant cations
(James and Riha 1986). Coastal plain and lower piedmont soils of
Virginia vary widely in composition (Blem and Blem 1989), and it is not
surprising that elements detected in temporary ponds are also extremely
variable. For example, several of our test ponds had aluminum
concentrations of 2-3 ppm; 0.3 ppm is considered extremely high in
Virginia waters (C. Lunsford, personal communication). Furthermore,
the relationship between pH and aluminum toxicity appears to be
complex (Freda et al. 1989). For example, organically bound aluminum
may be harmless (Freda 1986) or less harmful (Seip et al. 1984) than
free aluminum ions; therefore ponds with large amounts of humic acids
could have high concentrations of aluminum without harm to aquatic
life. Also, aluminum may ameliorate acid toxicity at intermediate
concentrations and low pH values (Freda et al. 1989).

Only traces of copper were found in many ponds, but others had
levels as high as 0.179 ppm. Copper is known to be toxic to amphibians



74 Charles R. Blem and Leann B. Blem

(National Academy of Sciences 1974), although the degree of toxicity
has been determined for only a few species. Likewise, lead levels of
some ponds were in the range of concentrations known to be detrimental
(0.75-20 pg/liter; USEPA 1980a). On the other hand, zinc levels of only
79 ppm were obtained and levels of 180-540 ug/liter are considered to
be detrimental to aquatic organisms (USEPA 1980b). The relationship
between silicon levels and successful use of breeding ponds is puzzling.
Silicon concentrations in successful ponds were significantly higher than
in those that failed (Table 1). We do not know of any relationship
between silicon and viability of aquatic life.

Some elements have complex effects on success of hatching of
amphibian eggs, e.g. a few elements appear to be harmful at both high
and low concentrations. For example, at a pH of 4.25, hatching and
survival of embryos of the Jefferson salamander, Ambystoma jeffer-
sonianum (Green), are greatest at magnesium concentrations of about
20 mg/liter, but the hatching rate declines at both lower and higher
concentrations (Freda and Dunson 1985a). The effects of most other
elements increase with decreased pH, but the degree of synergism with
other elements is unknown. It appears that failed ponds in Virginia have
distinctive cation compostions (Fig. 1). Stepwise discriminant function
analyses suggest that aluminum, copper, silicon, and zinc all may play a
role in mortality of spotted salamander larvae. Failed and successful
ponds did not differ in pH. Rather, it appears that at the present levels
of acidity, ponds become fatal because of their elemental composition.

The few surveys of the chemistry of temporary ponds used for
breeding by amphibians have considered either restricted suites of
chemical elements or have included relatively few ponds (e.g. Dale et al.
1985, Freda and Dunson 1986, Albers and Prouty 1987). Conclusions
about the importance of specific chemicals in temporary ponds have
been mixed. For example, Freda and Dunson (1986) concluded that
mortality may be influenced by significant interactions of pond pH and
other chemical variables, whereas Albers and Prouty (1987) found that
pond longevity, water temperature, and oxygen content were more
significant in spotted salamander reproduction than chemical alterations
brought about by acid precipitation. Those findings are not incom-
patible, given the range of study areas, times, and substances considered.
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